Tropical belt width proportionately more sensitive to aerosols than greenhouse gases by Zhao, X et al.
This is a repository copy of Tropical belt width proportionately more sensitive to aerosols 
than greenhouse gases.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/158475/
Version: Published Version
Article:
Zhao, X, Allen, RJ, Wood, T orcid.org/0000-0002-6049-5805 et al. (1 more author) (2020) 
Tropical belt width proportionately more sensitive to aerosols than greenhouse gases. 
Geophysical Research Letters, 47 (7). e2019GL086425. ISSN 0094-8276 
https://doi.org/10.1029/2019GL086425
©2020. American Geophysical Union. All Rights Reserved. This is an author produced 
version of a paper published in Geophysical Research Letters. Uploaded in accordance 
with the publisher's self-archiving policy.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
Tropical Belt Width Proportionately More Sensitive to
Aerosols Than Greenhouse Gases
Xueying Zhao1 , Robert J. Allen1 , TomWood2 , and Amanda C. Maycock2
1Department of Earth and Planetary Sciences, University of California, Riverside, CA, USA, 2School of Earth and
Environment, University of Leeds, Leeds, UK
Abstract The tropical belt has widened during the last several decades, and both internal variability
and anthropogenic forcings have contributed. Although greenhouse gases and stratospheric ozone
depletion have been implicated as primary anthropogenic drivers of tropical expansion, the possible role of
other drivers remains uncertain. Here, we analyze the tropical belt width response to idealized
perturbations in multiple models. Our results show that absorbing black carbon (BC) aerosol drives
tropical expansion, and scattering sulfate aerosol drives contraction. BC, especially from Asia, is more
efficient per unit radiative forcing than greenhouse gases in driving tropical expansion, particularly in the
Northern Hemisphere. Tropical belt expansion (contraction) is associated with an increase (decrease) in
extratropical static stability induced by absorbing (scattering) aerosol. Although a formal attribution is
difficult, scaling the normalized expansion rates to the historical time period suggests that BC is the largest
driver of the Northern Hemisphere tropical widening but with relatively large uncertainty.
PlainLanguageSummary The tropical belt has widened over the past several decades, and this
is associated with poleward movement of the descending branches of the Hadley Cell and the subtropical
dry zones. Internal climate variability and anthropogenic forcers—including greenhouse gases and strato-
spheric ozone depletion—are important contributors. Leveraging idealized single-forcing experiments,
we show that anthropogenic aerosols, including black carbon and sulfate, drive significant tropical expan-
sion and contraction, respectively. Aerosols, particularly those emitted from Asia, are more efficient than
greenhouse gases in perturbing tropical belt width. Although relatively large uncertainty exists, linearized
scaling suggests that black carbon is the dominant driver of the Northern Hemisphere tropical widening
over the historical time period.
1. Introduction
The width of the tropical belt is linked to the Hadley cell circulation, with strong moist air ascent in tropi-
cal deep convection zones and dry air descent in the subtropics. Tropical belt expansion over the past few
decades has been observed in multiple data sets (Birner et al., 2014; Davis & Rosenlof, 2012; Hu & Fu, 2007;
Lu et al., 2007; Lucas et al., 2014; Seidel et al., 2008). This expansion is indicated by several metrics, includ-
ing widening of the Hadley cell (Hu & Fu, 2007; Lu et al., 2007; Nguyen et al., 2013) and poleward shifts in
hydrological patterns and subtropical dry zones (Cai et al., 2012; Horinouchi et al., 2019; Scheff & Frierson,
2012; Sousa et al., 2011; Staten et al., 2018).
In addition to internal (Garfinkel et al., 2015; Grise et al., 2018) and natural (Allen &Kovilakam, 2017; Allen
et al., 2014; Amaya et al., 2018; Grassi et al., 2012; Lu et al., 2008; Mantsis et al., 2017; Nguyen et al., 2013;
Tandon et al., 2013) variability, anthropogenic drivers are another important contributor. Tropical widen-
ing occurs in model simulations driven by greenhouse gases (GHGs) (Grise & Polvani, 2016; Hu et al., 2013;
Tao et al., 2016), which is associated with a poleward shift in the subtropical baroclinic instability zone (Lu
et al., 2007). Stratospheric ozone depletion is important in the Southern Hemisphere (SH), particularly dur-
ing austral summer (Min & Son, 2013; Polvani et al., 2011; Waugh et al., 2015). Absorbing aerosols, such
as black carbon (BC), have been suggested as a cause of the Northern Hemisphere (NH) tropical expan-
sion (Allen et al., 2012b, 2014; Johnson et al., 2019; Kovilakam & Mahajan, 2015; Shen & Ming, 2018). BC
warms the troposphere, particularly in the NH midlatitudes where most emissions occur, which stabilizes
the atmospheric columnand results in a poleward shift of tropospheric jet streams (Allen et al., 2012a, 2012b;
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Shen & Ming, 2018). Future decreases in scattering aerosol also induce midlatitude tropospheric warming
(primarily via aerosol-cloud interactions), leading to NH tropical widening through the 21st century (Allen
& Ajoku, 2016; Allen & Sherwood, 2011).
The overall impact of anthropogenic drivers on tropical belt width variations is complex and has large uncer-
tainties. This is particularly true for aerosols, where the 90% confidence range of aerosol effective radiative
forcing (ERF) is −0.4 to −2.0 W m−2 (Bellouin et al., 2019). Similarly, BC forcing from anthropogenic fos-
sil and biofuel emissions possesses a relatively large uncertainty range of 0.05 to 0.80 W m−2 (Bond et al.,
2013; Koch et al., 2009; Myhre et al., 2013; Ramanathan & Carmichael, 2008). The imprint of anthropogenic
drivers on recent tropical expansion may even be indiscernible from natural drivers (Grise et al., 2019).
The goal of this work is to better understand the effect of anthropogenic drivers on tropical belt width
variations, focused on the role of aerosols. To isolate the role of individual drivers, we utilize idealized sim-
ulations with very large single-forcing perturbations in comprehensive coupled ocean-atmosphere models
from Precipitation Driver and Response Model Intercomparison Project (PDRMIP). Although the forcings
are idealized and their magnitude is not realistic, they allow a direct assessment of how individual driver
impacts tropical belt width (e.g., Davis et al., 2016). This is the first study that rigorously quantifies the
aerosol impact—including individual aerosol species like BC and sulfate—on tropical belt width usingmul-
tiplemodels.Moreover, this is the first study that quantifies the impact of regional (e.g., Europe,Asia) aerosol
emissions on tropical belt width.Methods and data are described in section 2. Section 3 discusses the results,
and section 4 summarizes our conclusions.
2. Method and Data
2.1. Model Simulations
Under the framework of PDRMIP (Myhre et al., 2017), we use the coupled global model simulations includ-
ing the baseline simulation and a set of perturbation experiments. The baseline simulation is forced with
all anthropogenic and natural climate forcing agents at present-day (year 2000) levels (Samset et al., 2016).
Global perturbation experiments (relative to present day)—which represent very large perturbations, par-
ticularly for the aerosols—include a doubling of carbon dioxide (co2×2), 10 times BC concentration or
emissions (bc×10), and 5 times sulfate concentrations or emissions (sul×5). Regional aerosol perturbation
experiments include 10 times Asian BC concentration or emissions (bc×10 Asia) and 10 times sulfate con-
centrations or emissions in Europe (sul× 10 EU) and Asia (sul× 10 Asia) (Liu et al., 2018). The European
(Asian) region is defined from 35◦N to 70◦N and 10◦W to 40◦E (10◦N to 50◦N and 60◦E to 140◦E). An excep-
tion isHadGEM2-ES,which uses emissions from the year 1860 for its base run, and perturbation simulations
are relative to the year 2000 (Stjern et al., 2017). HadGEM2-ES simulations will therefore feature larger
increases in aerosols.
Nine models are used for the global perturbation experiments including CanESM2, HadGEM2-ES,
HadGEM3, GISS-E2-R, MIROC-SPRINTARS, NCAR CESM1-CAM4, NCAR CESM1-CAM5, IPSL-CM5A,
andNorESM1 (Myhre et al., 2017; Samset et al., 2016). All models use a fully dynamical oceanmodel, except
NCAR CESM1-CAM4 which uses a slab ocean model. Most models also performed regional perturbation
experiments, except CanESM2 and HadGEM2. Although some models are concentration driven and some
are emission driven, we do not find clear response differences between emission- and concentration-driven
models. All simulations are interpolated to a 2.5◦ by 2.5◦ grid resolution using bilinear interpolation. We
analyze the last 50 years of each simulation, when near-equilibrium is reached. For most experiments, mod-
els do not show significant trends in net top-of-atmosphere radiative fluxes over the last 50 years. However,
in the case of co2×2, models will likely not have reached their equilibrium warming within the 100 years
simulated here (Caldeira & Myhrvold, 2013; Samset et al., 2016).
We also use the corresponding PDRMIP fixed sea surface temperature (fSST) experiments to estimate the
ERF, as well as the fast response (no surface temperature feedbacks) of the tropical belt width. ERF is esti-
mated from the net top-of-atmosphere radiative fluxes (the sum of net longwave and shortwave fluxes) from
the fSST simulations (perturbation minus baseline). This ERF definition is similar to Forster et al. (2016),
except SSTs here are based on the baseline climatology as opposed to the preindustrial. All fSST simulations
were performed for at least 15 years, so we analyze the last 15 years of data for these calculations. The 90%
confidence interval for a 15 year aerosol ERF is ∼0.15Wm−2 (Forster et al., 2016). Annual global and hemi-
spheric mean ERFs for individual models and experiments are included in supporting information Tables
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S1 and S2, and spatial ERFmaps are including in supporting information Figure S1. As the coupled simula-
tions yield the total climate response (slow surface temperature feedbacks and fast rapid adjustments), the
fSST simulations yield the fast response (e.g., atmospheric heating).
2.2. Tropical Edge Definition
The Tropical-width Diagnostics package (Adam et al., 2018) is used to calculate the location of the tropical
belt edge. The Tropical-width Diagnostics package includes common tropical width metrics and standard-
izes the methodologies to diagnose the tropical belt edge by implementing simple mathematical methods.
As recommended by Davis and Birner (2017) and Waugh et al. (2018), we focus on three metrics of tropical
width: (1) the latitude where the zonal meanmeridional circulation (MMC) at 500 hPa becomes zero on the
poleward side of the subtropical maxima, (2) the zero-crossing latitude where the zonal mean near-surface
easterly becomesmidlatitude westerly at the poleward side of the subtropical minimum in each hemisphere
and equatorward of 60◦ latitude (UAS), and (3) the latitude where the zonal mean precipitationminus evap-
oration becomes zero on the poleward side of the subtropical minimum (P-E). Changes in the latitude of
the tropical belt edge are calculated as the difference between the perturbation simulation and the corre-
sponding baseline simulation. Positive (negative) anomalies indicate tropical expansion (contraction). Note
that GISS-E2-R did not archive output to calculate theMMCmetric. We have verified that similar results are
obtained in the other two metrics when GISS-E2-R is removed from the the multimodel mean (not shown).
We also note that recent analyses have generalized the MMC to the regional level by using the horizontally
divergent wind (Schwendike et al., 2014; Staten et al., 2019). For conciseness, the quoted rates of expansion
in the text are based on the average across the three metrics. In general, we get very similar results for all
three metrics, but where exceptions exist, they are noted. The figures show all metrics separately.
Statistical significance of tropical belt changes is examined by a standard two-tail t test, accounting for the
influence of serial correlation by using the effective sample size, nyears(1 − r1)(1 + r1)
−1, where nyears is
the number of years and r1 is the lag-1 autocorrelation coefficient. The 90% confidence interval of ensemble
mean response is also quantified as twice the standard error, 2× �∕
√
n, where � is the intermodel standard
deviation of the tropical width changes and n is the number of models. We also quantify tropical width
variations due to internal climate variability as the 90% confidence interval of tropical edge locations from
the baseline simulation for each model. This is calculated by quantifying the boundary of the tropical edge
in each hemisphere for each season and the annual mean for all years (nyears). The 90% confidence interval
is based on a t test and estimated according to Φ̄±1.68× �
′
√
n�ears
, where �′ is the standard deviation of tropical
edge locations, nyears is the number of tropical edge locations (i.e., number of years), Φ̄ is the mean tropical
belt edge location, and 1.68 is the t value with nyears-1 (49 for the coupled runs) degrees of freedom and a
0.05 probability.
Supporting information Figure S2 shows individual model confidence intervals; the multimodel mean con-
fidence interval ranges from 0.18◦ for MMC to 0.22◦ for P-E in the NH and from 0.08◦ for MMC to 0.11◦
for UAS in the SH. The smaller values in the SH may be due to the more zonally symmetric circulation and
lack of land-sea contrasts. It may also be an artifact of finding the edge of the tropical belt, which is less well
defined in the NH (Adam et al., 2018)—especially for June-July-August (JJA)—which would also lead to
enhanced variability in the NH.
3. Results
The annual mean tropical belt edge response to anthropogenic drivers in the global perturbation experi-
ments is shown inFigure 1. Consistentwith prior studies (Grise&Polvani, 2016; Tao et al., 2016), co2×2 leads
to tropical expansion. However, we find relatively weak tropical expansion in the NH and much stronger
and significant expansion in the SH. The annual mean ensemble mean poleward displacement of the SH
tropical edge (∼1◦ ± 0.19◦) is about 5 times that of NH (∼0.2◦ ± 0.15◦). Watt-Meyer et al. (2019) found twice
as much GHG-induced tropical expansion in the SH, relative to the NH. GHG-forced tropical expansion is
significant relative to internal climate variability in the SH but not in the NH (gray shading in Figure 1).
The weaker rate of annual mean widening in the NH is partly due to tropical contraction during JJA in all
metrics (supporting information Figures S3–S5). This result is consistent with prior analyses, where CMIP5
historical GHG and co2×4 simulations also yield NH tropical contraction during JJA (Grise & Polvani, 2016;
Tao et al., 2016; Watt-Meyer et al., 2019). Further analysis is warranted, but this may be related to the JJA
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Figure 1. Annual mean tropical belt edge response in global perturbation experiments. (a) Northern Hemisphere and
(b) Southern Hemisphere tropical belt edge change (◦ latitude) in response to bc×10, sul×5, and co2×2 based on the
MMC, P-E, and UAS metric for each individual model. Positive (negative) anomalies indicate tropical expansion
(contraction). Unfilled model symbols indicate a response statistically significant at the 90% confidence level. The
corresponding ensemble mean response is denoted by a dark green star, and the error bar shows the approximate 90%
confidence interval, estimated by 2 × �∕
√
n, where � is the intermodel standard deviation of the tropical width
changes, and n is the number of models. Gray shading shows the 90% confidence interval of tropical belt edge
displacements due to internal climate variability based on MMC metric (the 90% confidence intervals from the other
two metrics are similar).
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stationary wave response to CO2 (Shaw, 2014; Shaw & Voigt, 2015). The largest NH widening trend due to
co2×2 occurs in September-October-November (SON) (Davis et al., 2016; Grise & Polvani, 2016).
Similar to the single-model result from Kovilakam and Mahajan (2015), the bc×10 simulation yields sig-
nificant tropical expansion in both hemispheres across all three metrics. The magnitude of annual mean
ensemble mean NH tropical expansion (∼0.96◦ ± 0.12◦) is 2.3 times larger than in the SH (∼0.41◦ ± 0.12◦).
This NH amplification is in contrast to co2×2 (where NH expansion is 20% as large as that in the SH), which
is likely related to more BC burden in the NH and consequently a larger hemispheric asymmetry in BC
forcing (supporting information Table S1 and Figure S1). HadGEM2-ES generally yields the largest tropical
expansion, especially in the NH, which is consistent with its large change in burden (Stjern et al., 2017) and
relatively large BC ERF (supporting information Table S1). All seasons also show robust tropical expansion
in response to bc×10 in both hemispheres (supporting information Figures S3–S5), with maximum tropical
widening occurring in the NH during JJA and SON and in the SH during December-January-February and
SON. The large JJA BC response is interesting in light of the minimal JJA co2×2 expansion, which mainly
results from the NH contraction in that season.
In contrast to BC, sul×5 drives significant annual mean tropical contraction in both hemispheres, at
∼0.69◦ ± 0.24◦ for the NH and∼0.66◦± 0.33◦ for the SH. HadGEM3 yields the strongest tropical contraction,
especially in the SH, consistent with its large sul×5 ERF (supporting information Table S1). Significant con-
traction also occurs in all seasons in both hemispheres except for JJA in the NH. Similar seasonal rates of
contraction exist in the SH, while relatively large seasonal variations exist in the NH, with maximum con-
traction in SON. The absence of NH contraction in JJA and the strongest contraction occurring in SON are
analogous but opposite to the response to co2×2.
In terms of the regional perturbation simulations, bc×10Asia yields significant tropical expansion (Figure 2).
In the NH, the annual mean ensemble mean NH tropical expansion is ∼0.36◦ ± 0.12◦. We note that the P-E
metric yields about half of the NH expansion (0.20◦) as the other two metrics (0.45–0.48◦). Despite bc×10
Asia's global (NH) ERF being only 15% (25%) of the corresponding ERF in bc×10, bc×10 Asia's NH tropical
expansion is about 40% of the corresponding expansion in bc×10. This results suggests the importance of the
forcing location, with Asian BC particularly efficient at widening the tropical belt. Maximum NH tropical
expansion occurs in JJA (supporting information Figures S6–S8). Significant tropical expansion also occurs
in the SH, but it is much weaker at ∼0.05◦ ± 0.04◦ (and within the 90% confidence interval due to internal
climate variability).
The sul×10 Asia simulations yield significant NH contraction at ∼0.41◦ ± 0.18◦, with maximum NH con-
traction in SON. Despite sul×10 Asia's global (NH) ERF being only 21% (32%) of the corresponding ERF in
sul×5, sulx10 Asia's NH annual tropical contraction is 60% of the corresponding contraction in sulx5. This
result again supports the importance of the location of the forcing to tropical width perturbations. The SH
tropical belt edge response to Asian sulfate is not robust and is inconsistent across metrics and seasons. The
effect of European sulfate on tropical belt variations is also negligible and not significantly different from
internal climate variability. sul×10 Europe accounts for 9% (15%) of the sul×5 global (NH) ERF and 10%
of the NH tropical contraction. So unlike the Asian region, the tropical belt is not particularly sensitive to
European sulfate emissions. As minimal NH contraction occurs under European sulfate, this implies the
importance of sulfate from other regions (e.g., Asia and perhaps the United States). For SH contraction,
the importance of sulfate from regions other than Europe and Asia is also implied from the large sul×5 SH
contraction but minimal contraction under sul×10 Asia and sul×10 EU.
All global (and regional) aerosol experiments show larger annual mean ensemble mean tropical edge
displacements in the NH, as compared to the SH (particularly bc×10). This is related to the spatial het-
erogeneity of aerosols, with maximum loading and more importantly, ERF in the NH. For example, the
annual mean ensemble mean bc×10 ERF is 1.59 W m−2 in the NH, compared to 0.38 W m−2 in the SH. By
design, the regional aerosol experiments also have a much larger NH ERF, relative to the SH. However, for
CO2 forcing—which is uniform between hemispheres—much smaller tropical widening occurs in the NH.
Watt-Meyer et al. (2019) ascribe this hemispheric asymmetry in CO2 tropical expansion to a smaller sensitiv-
ity of the NH tropical edge to static stability changes. Of lesser importance is the pattern of the SST response
and the CO2 direct radiative effect.
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Figure 2. As in Figure 1 except for regional aerosol simulations including bc×10 Asia, sul×10 Asia, and sul×10 EU.
Note the different y axis between the two panels.
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Figure 3. Efficacy of anthropogenic drivers in perturbing the tropical belt edge. (a) Northern Hemisphere and (b)
Southern Hemisphere annual mean ensemble mean normalized tropical belt edge response to co2×2, bc×10, bc×10
Asia, sul×5, sul×10 Asia, and sul×10 EU based on the MMC, P-E, and UAS metric. The tropical belt edge response is
normalized by the absolute value of the corresponding effective radiative forcing (ERF). Units are degree latitude per
Wm−2. A positive (negative) response indicates tropical expansion (contraction). Note the different y axes between the
two panels. The 90% confidence interval is also included, estimated as 2 × �∕
√
n, where � is the intermodel standard
deviation of the normalized tropical width changes, and n is the number of models.
The seasonal cycle of the NH and SH tropical edge response does not appear to be related to the seasonal
cycle of global or hemispheric ERF. For example, bc×10 NHERF is weakest in SON at 1.04Wm−2 whenNH
tropical expansion is relatively large (supporting information Figures S3–S5). Similarly, bc×10 NH ERF is
largest in March-April-May (MAM) at 2.38 W m−2 when NH tropical expansion is relatively weak. We also
note that latitudinal variations in the seasonal ERF are relatively small and likely not an important contrib-
utor to the seasonal cycle of tropical edge displacements (not shown). These results reinforce the notion that
there are certain seasons in which the tropical edge is more susceptible to latitudinal displacements (Grise
et al., 2018; Watt-Meyer et al., 2019).
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Since each of the PDRMIP idealized experiments has a different forcing magnitude, to better compare the
role of aerosols versus GHGs on tropical belt width, we normalize the ensemble mean tropical belt response
by the corresponding global ERF. In the case of the sulfate experiments, which have a negative ERF, we take
the absolute value of theERF so that expansion (contraction) is still represented by positive (negative) values.
Figure 3 shows the ensemble mean annual mean ERF normalized tropical belt response to anthropogenic
drivers. Aerosols generally drive largerNH tropical belt responses per ERF relative toGHGs. TheNH tropical
belt is most sensitive to BC (0.96◦ per W m−2), and in particular Asian BC (2.32◦ per W m−2). Again, the
quoted rates of tropical expansion represent the average over the three metrics. We note that the P-E metric
for bc×10 Asia yields a relatively small rate of expansion at 1.06◦ per W m−2, versus ∼3◦ per W m−2 for the
other two metrics. Compared to BC, the sensitivity of the NH tropical edge to sulfate is weaker. However,
Asian emissions again yield the largest response (−0.55◦ per Wm−2) among the sulfate experiments. GHGs
yield a much smaller normalized rate of NH tropical expansion at ∼0.06◦ per W m−2.
In the SH, anthropogenic aerosols generally show smaller efficacy in driving tropical edge perturbations
as compared to the NH. Global BC yields the largest SH efficacy at ∼0.41◦ per W m−2, followed by Asian
BC. Global sulfate yields a SH efficacy of −0.19◦ per W m−2. In contrast to the aerosols, GHGs are more
effective in perturbing the SH tropical edge (0.27◦ per W m−2), as compared to the NH. Although not sta-
tistically significant, global BC and to some extent Asian BC still yield larger SH efficacies than co2×2. This
suggests that tropical width perturbations may be more responsive to the direct atmospheric heating by BC,
as opposed to surface temperature-driven feedbacks by CO2 and SO4. For both hemispheres, similar con-
clusions exist when we normalize by the change in global mean surface temperature, as opposed to ERF
(supporting information Figure S9).
The larger displacement of the tropical belt edge in response to global aerosols, particularly BC, relative to
GHGs suggests the potential importance of aerosols in perturbing the tropical belt, especially in the NH.
Compared to global BC and sulfate forcing, the relatively large NH response to the corresponding Asian
aerosol indicates that the location of the aerosol forcing is important. This is also supported by the larger
NH tropical belt contraction in response to Asian sulfate, relative to European sulfate. These results imply
that a forcing closer to the tropical belt edge is likely more effective in driving changes to tropical belt width,
which is generally consistent with previous idealized simulations (Allen et al., 2012a).
Under one view, the width of the Hadley cell is determined by the poleward extent to which the angular
momentum conservation continues until the resulting vertical shear becomes baroclinically unstable (Lu
et al., 2007). Under such a scaling, the edge of the Hadley cell is sensitive to the gross static stability and the
tropopause height near the poleward boundary of the circulation.Although this scaling is instructive, in real-
ity, the flow does not always conserve angular momentum (Schneider, 2006). We calculate the annual mean
midlatitude static stability, S, as the potential temperature difference between the tropopause and surface
(�TP-�SFC), averaged over 30
◦–60◦ latitude, and the response (perturbationminus baseline) is normalized by
the corresponding global ERF (absolute value in the case of sulfate). We estimate S from zonal mean tem-
perature, as opposed to grid box by grid box values. Similar results are obtained when S is calculated over
30◦–60◦, as well as from 20◦–40◦ and 30◦–40◦ latitude.
The ensemble mean global ERF normalized tropical belt response is well correlated with the correspond-
ing normalized midlatitude ΔS (Figure 4). In the NH, correlations range from 0.97 to 0.98, depending on
the metric. In the SH, the corresponding correlations range from 0.94 to 0.98. Similar but somewhat weaker
correlations are obtained without normalizing. Normalizing by the change in global mean surface temper-
ature (as opposed to ERF) yields analogous conclusions (supporting information Figure S10). Comparing
ΔΦ versus ΔTAS (as opposed to ΔS) yields similar correlations in the SH but somewhat weaker correla-
tions in the NH (supporting information Figure S11). Figure 4 shows that GHGs and absorbing aerosols
drive an increase in the midlatitude static stability, whereas scattering aerosols yield a decrease. The larger
aerosol-induced tropical belt response in theNH, relative to the SH, is consistent with larger perturbations to
the NH extratropical static stability. Asian aerosols also lead to larger increases in the NHmidlatitude static
stability, relative to the corresponding global forcing and GHGs. This supports our previous assertion that
the location of the aerosol forcing is an important factor in the tropical belt width response. The ΔΦ versus
ΔS global ERF normalized correlations across model experiments—particularly for the annual mean—are
also quite significant and also generally larger than global ERF normalized ΔΦ versus ΔTAS (supporting
information Tables S4–S6).
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Figure 4. Efficacy of tropical width perturbations versus normalized extratropical static stability. Scatterplot of the
annual mean ensemble mean (a) Northern Hemisphere and (b) Southern Hemisphere tropical belt edge response
versus the corresponding subtropical static stability response. Both are normalized by the absolute value of the
corresponding effective radiative forcing (ERF). The tropical belt edge response is based on the MMC, P-E, and UAS
metric, as represented by the different symbols. A positive (negative) tropical belt edge response indicates tropical
expansion (contraction). Also included are the correlations of normalized (rNor) and unnormalized (rNoNor) tropical
belt edge and extratropical static stability. Note the different x axes and y axes between the two panels.
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Across drivers,ΔS come fromdifferentmechanisms. For CO2 and sulfate, surface-driven feedbacks aremost
important, whereas for BC atmospheric absorption is also important. For the global forcing experiments, the
fast ΔS (from the fSST experiments) is a larger proportion of the total ΔS (from the coupled experiments)
in bc×10, as compared to sul×5 and co2×2 (supporting information Figure S12 and Table S3). Based on
30–60◦N (global), the fast ΔS in bc×10 is 30% (15%) of the total ΔS; in co2×2, the fast ΔS is 9% (7%) of the
totalΔS, and in sul×5 the fastΔS is 14% (6%) of the totalΔS. Thus, the fast response (i.e., direct atmospheric
heating) is about 2–3 times more important in the global BC simulation, relative to the global CO2 and SO4
simulations. Similar results are found for the regional forcing experiments. Based on 30–60◦N (global), the
fast ΔS in bc×10 Asia is 81% (69%) of the total ΔS; in sul×10 Asia, the fast ΔS is 33% (19%) of the total ΔS.
Although it is difficult to separate ΔS from ΔTAS (supporting information section S1), these results suggest
that direct atmospheric heating by BC drives a large fraction of the ΔS.
We also calculate changes in tropical belt width from the fSST experiments. Although fewer significant
responses occur, conclusions similar to those from the coupled simulations generally exist, including trop-
ical expansion (contraction) under BC (SO4)—particularly with Asian emissions—and weak NH tropical
expansion under CO2 (supporting information Figures S13 and S14). For the global simulations, we find that
bc×10 fSSTwidening is a larger proportion of the total widening as compared to co2×2 and sul×5, especially
in the NH (supporting information Table S3). bc×10 fSST widening is 52% and 54% of the total widening in
the NH and SH, respectively. For co2×2 (sul×5) the corresponding percentages are 5% and 22% (15% and
21%). Similar results also exist for the regional experiments, particularly in the NH (where the signal is sig-
nificant) for bc×10 Asia versus sul×10 Asia. The larger proportion of tropical widening in the fSST runs is
consistent with the larger proportion of ΔS in the fSST runs for BC. This, in turn, supports the role of ΔS in
BC-induced tropical widening and the role of direct atmospheric heating.
As previously mentioned, Watt-Meyer et al. (2019) argue that the hemispheric contrast in GHG-induced
tropical expansion is related to weaker sensitivity to static stability changes in the NH. For nonnormalized
annualmean tropical edge displacements andΔS across experiments, the ensemblemeanMMC-based trop-
ical width sensitivity to ΔS is 0.19◦ K−1 with a model range of 0.07–0.29◦ K−1 in the NH. In the SH, the
MMC-based tropical width sensitivity toΔS is 0.19 (0.07–0.24)◦ K−1. Thus, we obtain a similar tropical width
sensitivity to ΔS in both hemispheres. Similar conclusions generally exist with other metrics and seasons.
However, across models, CO2 does yield weaker NH sensitivity (supporting information Tables S7–S9).
4. Conclusions
It is difficult to use the PDRMIP idealized simulations to attribute the observed tropical belt expansion to
anthropogenic forcings, particularly in the case of aerosols, which have changed spatially and temporally
over recent decades (Hoesly et al., 2018). Owing to the step change perturbations, PDRMIP integrations
may be expected to yield a larger response relative (per unit forcing) to the real-world situation, since the
system has had more time to equilibrate. Natural variability must also be considered, as it likely has played
a crucial role in recent tropical expansion, while also disguising the fingerprint of anthropogenic forcing
(Staten et al., 2018). Nonetheless, to illustrate the impact of these drivers on tropical widening in response to
real-world changes in emissions, we follow Tang et al. (2018) and approximate the impact of GHGs, BC, and
sulfate on tropical belt width by scaling the tropical belt response for each individual forcing and hemisphere
according toΔΦscaled =ΔΦ×(ERF1750−2011/ERFPDRMIP).We use a 1750–2011GHG forcing of 2.83Wm
−2 (90%
confidence range of 2.54–3.12Wm−2), a BC forcing of 0.40Wm−2 (0.05 to 0.80Wm−2), and a sulfate forcing
of −0.40 W m−2 (−0.60 to −0.20 W m−2) (Myhre et al., 2013). Including aerosol-cloud interactions likely
doubles the sulfate forcing (multimodelmean total sulfate forcing of−0.89Wm−2with a range from−0.34 to
−1.62 Wm−2) (Boucher et al., 2013). Furthermore, BC thermodynamic effects on clouds are not accounted
for here (e.g., Allen et al., 2019). Using these forcings and the ERF normalized tropical edge response for
each driver and hemisphere (and assuming linearity to ERF), we estimate 1750–2011 NH tropical widening
of 0.17◦ (0.15◦ to 0.19◦) for GHGs, 0.38◦ (0.05◦ to 0.77◦) for BC, and −0.1◦ (−0.15◦ to −0.05◦) for sulfate.
In the SH, we estimate 0.76◦ (0.69◦ to 0.84◦) for GHGs, 0.16◦ (0.02◦ to 0.33◦) for BC, and −0.08◦ (−0.11◦ to
−0.04◦) for sulfate. Cross checking the GHG results with CMIP5 GHG-only tropical widening trends over a
similar (but somewhat different) time period of 1850–2005 yields tropical widening of 0.23◦ in the NH and
0.70◦ in the SH (Allen & Ajoku, 2016). These values compare well to the above GHG inferred estimates.
Although this approach represents an approximation and possesses several caveats, it suggests that among
the drivers, BC has likely caused a substantial portion NH tropical widening over the historical time period.
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However, we reiterate the large uncertainty associated with BC forcing, with a 90% confidence range of 0.05
to 0.80Wm−2 (Bond et al., 2013; Koch et al., 2009; Myhre et al., 2013; Ramanathan & Carmichael, 2008). To
the extent that BC and sulfate (or other reflecting aerosols) are coemitted, however, this will partially offset
the BC effect, especially when aerosol-cloud radiative effects are accounted for. Even so, the net effect of BC
and sulfate on the NH tropical edge is similar to GHGs at 0.18◦ and 0.17◦, respectively.
Our results are able to isolate and highlight the role of aerosols, particularly from Asia, in perturbing the
width of the tropical belt. Given large anticipated reductions in aerosol emissions over the next few decades
(Rao et al., 2017), including emissions from Asia, our results imply a possibly large role of aerosols in future
perturbations to the width of the tropical belt. Future studies should focus on more realistic, time-varying
aerosol simulations where the regional and seasonal features of aerosol-induced tropical belt variations can
be analyzed. Moreover, given the large amplitude of the perturbations considered here, a large ensemble of
such simulations is likely necessary to detect any anthropogenic aerosol signal, relative to natural variability.
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